We suggest a new picture of baryon resonances below 2 GeV based on the quark-soliton model in the limit of large number of colors which is able to describe all known resonances in this region
Foreword
Present section of our conference is devoted to the memory of Dmitry Diakonov, my friend and co-author. We worked with him for more than 30 years.
Mitya entered the Theory Division of Petersburg nuclear Physics Institute in 1972. A.A. Anselm and V.N.Gribov were his scientific advisors. His first papers were devoted to subtle questions of the quantum field theory: spontaneous breakdown of chiral invariance in perturbation theory, radiative corrections to Coleman-Weinberg effective potential and to the Weinberg angle in the Standard model and GUT. Quantum field theory remained Mitya's love for all his life. He became known in 1978 for his papers on hard processes in QCD [1] where physics of Dmitri Diakonov, 1977 Drell-Yan process was explained and famous DDT-formula was derived. However, even that time he feels that perturbative theory is unable to give answers to the most interesting questions in QCD.
Dmitri Diakonov (right) and Ludwig Faddeev (left), 1981
In 1980 we started a long-standing program of the investigation of non-perturbative phenomena in QCD. Adopting the hypothesis that instantons are the only large fluctuation we developed a theory which is known now under the name "instanton liquid model" [2] . The model appeared to be surprisingly successful: it contains most of the features of QCD: spontaneous breakdown of chiral symmetry, solution of U(1) problem, constituent quarks and massless pions. It reflects QCD not only qualitatively but also quantitatively: its predictions tend to coincide with the data without any fitting parameter. The next step was the construction of the chiral theory of nucleon following from instanton model [3] . Mitya spent quite a time investigating properties of the baryons in this model. This experience led us in 1997 to the prediction of narrow exotic antidecuplet of pentaquarks. This topic became very important for Mitya: he made his best to convince experimentalists to check the prediction and returned many times to pentaquarks in his papers. Unfortunately, the final answer is still unclear. Instanton model has an evident drawback: it does not account for quark confinement. Mitya saw it very clearly and published a number of papers trying to realize a nature of this mysterious phenomenon (see, e.g., [5] ). The area of his interests in quantum field theory was very wide. For example, last years he became enthusiastic about quantum gravity and published few papers on the subject.
Mitya has a lively and charming personality. He played piano and guitar, was fond on the hiking in high mountains. In our small group he played simultaneously the role of motorman and ideas generator.
My talk is based on the one of the last papers with Mitya which was published already after his death [6] . In high mountains, Pamir, 1982.
Relation of Quark model and soliton models of baryons at large N c
There are two popular points of view on baryon resonances. The first is the old good quark model with all baryons made of three constituent bounded by some colorless force. The second suggests that all baryons can be obtained as solitons of some meson Lagrangian. In fact, the second approach can be proved rigorously in QCD in the limit of large number of colors N c [7] . From the other hand, the quark model has no other foundations except the evident success in describing of the date (for review see, e.g., [8] ).
A bridge between two approaches is provided by so-called chiral Quark-Soliton model (χQSM ) [3] . In the framework of this model it is assumed that at large N c QCD is reduced to effective low energy theory with degrees of freedom which are constituent quarks and colorless meson fields. This theory is essentially semiclassical: interaction of mesons is suppressed by N c . The spectrum of mesons can be read off the effective lagrangian, baryons appear as solitons which are the bound states of N c quarks in the self-consistent meson field.
The introduction of separate degrees of freedom for consituent quarks and mesons should be justified: indeed, as mesons ultimately consists of quarks again, so this can be a double-counting. Let us outline the derivation of such a low energy effective theory from QCD. At the first stage one has to integrate out gluons, the theory then reduces to the theory of quarks only. Owing to the expected spontaneous chiral symmetry breaking these constituent quarks are massive, their interaction is described by some many-fermion non-local terms. This interaction can be rewritten in colorless channels and at large N c bosonized by means of some auxiliary meson fields. Meson field introduced this way do not lead to double counting and the corresponding effective theory is self consistent.
This programme was carried out in the framework of the instanton liquid picture of the QCD vacuum [2] . Here the integration in all gluon degrees of freedom are restricted to instantons and small fluctuations around them. One can derive the corresponding low energy theory, it consists of the constituent quarks with a momentum dependent mass M(p) and massless pions interacting by means of the simple effective Lagrangian. The model of baryons based on this idea is working rather good describing all known properties of low lying baryons [3] except one but, maybe, the most important -the model does not contain the quark confinement (it is not reproduced in the instanton liquid picture). However, this is only a particular realization of the effective theory under discussion, in fact, it is easy to suggest phenomenological generalizations which have confinement built-in.
Quark model at large N c and the theory of baryon-soliton are extreme cases of the mean-field effective theory. Quark model represents the non-relativistic approximation to the theory. In this case one can neglect quark-aniquark fluctuations (which are not suppressed in the limit of N c → ∞ and are present in any relativistic field theory) and view baryon as consisting of precisely N c quarks. Neglecting also the retarding of the quark-quark interaction we will arrive at the potential quark model which one can consider in the mean field approximation at large N c .
From the other hand, integrating in quark field we obtain the meson Lagrangian where baryon should appear as soliton. Usually, meson lagrangian is constructed as expansion in the gradients of the meson field assuming that meson mean field is slowly varying. It can be seen that this corresponds to the baryon state in which the contribution of Fock components with the large number of quark-antiquark pairs is dominating and valence quarks are ultra-relativistic. Hence, this case is opposite to the case of quark model.
Information about quark degrees of freedom is lost in the soliton Skyrme-like models. For this reason there is no direct way to describe baryon resonances in such models -these models can be applied only to the ground state baryons (lowest baryon octet and decuplet). One has to consider scattering amplitudes in order to discover baryon resonances as poles of amplitudes in the complex plane. χQSM allows one to construct baryon states directly, as the eigenfunctions of some Hamiltonian.
Quark model can be also considered at large number of colors. In this case one can also apply the mean field approximation. The main difference with soliton model or χQSM (besides the fact that constituent quarks are supposed to be non-relativistic) is the symmetry of the field. Both in the Skyrme model and in χQSM the mean field has a so-called hedgehog symmetry, while quark model starts from the spherically symmetrical SU(6)-invariant mean field.
The states of quarks in such a field are characterized by the conserved quantity -grand spin K = J + T where J is a total angular moment of the quark and T is its isospin. Owing to the symmetry of mean field there are completely different set of levels for u, d-quarks and s-quarks. One has to find discrete levels in the mean field and distribute N c valence quarks in these levels. The ground state baryons correspond to all quarks sitting in one, ground level, excited baryons appear when we place one or more quarks to excited levels, etc. The SU(3) F ⊗ O(3) symmetry broken by the symmetry of the mean field is restored when one consider rotational states of the baryons.
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Baryon resonances in χQSM
In paper [6] we construct the quantum theory of rotations in χQSM . The general formula for the mass of the baryon resonance lying on the rotational band is of the form:
Here ∆ε lev are energies of discrete levels in the mean field, K is its grand spin. J is the spin of resonance, T and Y are internal quantum numbers characterizing the soliton in the rotating frame. T is isospin and Y is hypercharge. The last one should obey famous Witten quantization rule Y = N c /3 while possible 'isospins' T should be found from vector quantization rule K = T + J. These quantization rules restrict possible baryon multiplets. I 1 and I 2 are moments of inertia of baryon soliton which are the same for all resonances, a K is a numeric constant determined by the properties of the given level (for details, see [6] ).
At last, X is the exoticness of the state which is defined as a minimal number of the quarkantiquark pairs needed to create a resonance with such quantum numbers. For ordinary baryons X = 0. for interaction with mesons etc. These relation are model independent and tend to coincide with data. If, in addition, the concrete meson Lagrangian is fixed, all properties of the baryon resonances can be calculated (see Ref. [6] ) .
Conclusions
We suggested the self-consistent description of the baryon resonances below 2 GeV based on the limit N c → ∞. This description generalizes results of both quark model and soliton approach to baryons which are the limiting cases of our approach. All known low-lying baryon resonances naturally fit this scheme and there are no missing states. It is possible to derive a number of new, model-independent relations for properties of resonances which coincide with experimental data.
